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TECHNICAL NOTE
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Hemodialysis treatment comprises the removal of at times
considerable amounts of fluid from the circulating blood volume
of over-hydrated patients. Subsequently, there is movement of
fluid from the interstitial tissue and the intracellular compart-
ment into the vascular bed. While the net fluid removal from the
patient is accurately assessen by most dialysis machines, the
extent and rate of blood volume reduction cannot be monitored
yet. Within the last years, blood volume monitoring has gained
increased interest since hypotension, one of the major and most
frequent complications of hemodialysis, is believed to be re-
lated to the variable tolerance of patients to blood volume
reduction. There have been several suggestions for monitoring
blood volume changes during hemodialysis. All methods oper-
ate on the continuous measurement of an intrinsic property of
blood, such as mass density [1, 2], optical density [3], viscosity
[4], electrical conductivity [51or hemoglobin concentration [6].
However, some of these methods proved to have major draw-
backs when it comes to the application in clinical practice.
Recently, we have developed a sound speed sensor which
allows continuous measurement of protein concentration of
whole blood [7]. The purpose of our report is the introduction of
a new type of sensor which is designed for the routine applica-
tion of monitoring blood volume changes during hemodialysis
treatment.
Methods
Physical principle
The new approach for assessing blood volume changes during
hemodialysis uses continuous measurement of total protein
concentration (TPC) by ultrasonic means. TPC (in g/kg) is the
sum of plasma protein concentration (criasma in glkg), weighted
by hematocrit (hct), and of hemoglobin concentration (chb "
g/kg):
TPC =
cplasma x (1 — hct) + chb. (Eq. 1)
Sound speed (a) in whole blood is largely determined by TPC,
and the relation between sound speed and TPC was determined
to closely fit a second order polynomial curve [8]. For the
convenience of temperature independence, which is of impor-
tance in the evaluation of small concentration changes, TPC is
given in units of g/kg and not in the customary units of g/liter.
For the same reason balance numbers are given in terms of
masses rather than volumes. The sound speed in blood is
measured in a disposable polymer tube which is integrated into
the extracorporeal circuit. Because of the high temperature
coefficient of sound speed (av/aT x 1/v is in the range of 1 x
103/K at 37°C) the temperature of the blood passing the
measuring cell has to be registered by a thermistor probe which
is introduced into the cavity of the measuring cell without
directly contacting the blood stream (Fig. 1). The measuring cell
is mounted to a support which contains the acoustic transduc-
ers the electronic circuits (supplied by A. Paar KG, Graz,
Austria') and a serial interface. The data are transmitted to a
laptop personal computer where blood volume changes are
calculated and graphically displayed. The original data are
stored on a floppy disk. The sample rate of the sound speed and
temperature measurement in this first series of experiments was
in the range of 0.3/second.
Analysis
Changes in blood mass affected by ultrafiltration and vascular
refilling may be calculated from the relation derived in the
following formulas:
Let be the net fluid mass exchanged with the extravasal
compartment, where
Mex MuF + MR
MUF is the ultrafiltrated and MR is the refilled mass. Relating
changes to the intravascular space, flow into the vascular
compartment has a positive notation, flow out of the vascular
space a negative one. TPC is the concentration of the traceable
component. Then, from the requirement of the conservation of
mass
M = Mex + M0
and of the conservation of the component
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TPC X M = TPCex X Mex + TPC0 X M0
an expression for relative mass change in terms of concentra-
tion changes may be derived:
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bro AK1O), different dialyzers (Fresenius Hemoflow F60, Gam-
bro GF-l80), different session lengths and different
ultrafiltration rates were examined. The method was controlled
by taking additional blood samples shortly after the beginning
and before the end of each session. Hematocrit was determined
from centrifuge-hematocrit readings and corrected for trapped
plasma, TPC was determined by chemical analysis, and sound
speed at 20°C was determined by an in vitro measurement
(DSA-48, A. Paar KG, Graz, Austria). Plasma osmolality was
determined from freezing point depression (Fiske Osmometer
3400, Fiske Inc., Needham Hights, Massachusetts, USA).
Results
Fig. 1. Blood protein sensor. Connected in a series to the arterial blood
line and secured by clamps at the in- and outflow, the elastic measuring
cell (produced by Schwertner & Cie, A-8020 Graz from polyamide 66
supplied by DuPont, glued with formic acid and steam-sterilized at
120°C) is held firmly in place by the support which contains the acoustic
transducers. Good acoustic coupling between the tube and the support
is achieved with vaseline jelly. The temperature of the support is set to
37°C by means of a Peltièr element. The sample temperature is
measured with a thermistor probe placed into the cavity of the measur-
ing cell.
Me 1Mo = (TPC0 — TPC1)I
(TPC — TPCe5)
The index 0 refers to the starting point at the time t =0, and the
index t refers to conditions at time t. TPCex is related to the net
concentration of the component in the exchanged fluid mass. It
cannot be determined from direct measurements. In a first
approach, the net protein concentration in the shifted fluid is
assumed to be negligible, changes of blood mass are therefore
calculated from Equation 1 with TPCex = 0. In order to validate
the new technique by an approved method, blood volume
changes were also calculated from hematocrit changes [9J.
Results are presented as mean SEM.
Procedure
After informed consent to use the method had been obtained
from all patients, the applicability of the new method was
evaluated by monitoring blood volume changes during different
hemodialysis treatments. The disposable polyamide measuring
cell was connected in series to the arterial blood line. Whenever
possible, the cell was placed within approximately 1.5 in
distance from the shunt (upstream of the pump segment). So
far, experiments were performed with a single measuring cell
monitoring blood inflow into the dialyzer. Before the measure-
ment, the extracorporeal circuit was flushed with isotonic
sodium chloride which also served to calibrate the measuring
system. The course of the hemodialysis treatment was not
influenced by our investigation, therefore a variety of treat-
ments including different machines (Fresenius A2008C, Gam-
A typical tracing of a dialysis treatment is shown in Figure 2.
Apart from the general effect of ultrafiltration with a common
dialyzer (GF-l80, supplied by Gambro) this registration showed
the effect of changes in ultrafiltration rate (UFR) on blood mass.
The change of blood mass relative to the blood mass at the
beginning of the session was calculated from the continuous
recording of the total protein concentration according to Equa-
tion 2. The increase of blood mass during the first few minutes
was most likely due to the initial loss of blood volume into the
extracorporeal circuit (the prime solution was discarded) which
stimulates vascular refilling [10]. The increase of blood temper-
ature at the sensor site with increasing time is also shown
(upper part of the diagram).
During the hemodialysis treatment osmolality decreased from
324 2 to 301 1 mOsmollkg. However, the relation between
sound speed and TPC was not influenced by this change (Fig.
3).
The comparison of blood mass changes determined by the
new method with blood volume changes determined by hema-
(Eq. 2) tocrit measurements for 13 different dialysis sessions with
different patients is shown in Figure 4. The correlation between
the two independently determined parameters is excellent (r
0.99). It can be seen from the least squares fit that blood mass
changes are slightly underestimated when they are compared to
volume changes (slope < 1). This difference is to some degree
systematically inherent for the comparison of masses to vol-
umes. Knowing the proper density (p) of blood and ultrafiltrate
at the temperature of interest, masses may be transformed into
volumes by the relation M = pV. Therefore, relative mass
changes will be less than relative volume changes by a few
percent.
Discussion
In this report we describe a new ultrasonic method to measure
TPC and to calculate blood volume changes during hemodialysis.
With this technique the use of mass units is advantageous because
of the independence of temperature changes. Because of heat
losses caused by conduction, convection and radiation, tempera-
ture changes in the blood passing the measuring cell may be in the
order of 1°C, and corresponding changes in sound speed must
therefore be compensated for these temperature effects. How-
ever, the concentration which is calculated from sound speed and
which is given in mass units remains unaffected. Therefore, TPC
evaluated at 37°C given in weight units may be directly compared
to concentrations evaluated at room temperature with an indepen-
dent in vitro method.
In addition to the compensation of temperature effects, the
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Fig. 2. Hemodialysis treatment with variable ultrafiltration. During the hemodialysis session (4 hours) the ultrafiltration rate (UFR) was changed
from low (—4 mI/mm) to high (—40 ml/min) for three time intervals (from 15 to 45, 120 to 135 and 180 to 195 minutes) and the response of blood
mass changes to the change in UFR was registered. Net ultrafiltration was always negative (for notation see Analysis), however, following the
reduction of UFR at 45, 135 and 195 minutes, a clear increase in blood mass produced by an overshoot of vascular refilling was observed. The
extracorporeal blood flow was 200 mI/mm, patient weight was 64.6 kg (predialytic), the weight loss was 3.1 kg.
Fig. 3. Linear regression analysis of sound speed in plasma and blood
during hemodialysis. Open symbols represent samples taken at the
beginning and closed symbols represent samples taken at the end of the
treatment. Though there is a change in osmolality (—23 2 mOsmol/kg)
between the beginning and the end of hemodialysis, the relation
between sound speed and TPC is not changed.
continuous measurement of blood temperature at the sensor
site may be of interest to clarify the relation between hemodi-
alysis and temperature regulation. Although the remote site
Fig. 4. Comparison ofcalculated blood mass changes to blood volume
changes estimated from hematocrit. Compared by the Wilcoxon-Mann-
Whitney-U test for paired observations the two sets of data, blood mass
changes determined by the monitor (M/M x 100) and blood volume
changes determined by hematocrit measurements (V/V x 100) are not
different (P > 0.05). The least squares fit for the relation between blood
mass changes and the blood volume changes is determined by: M/M x
100 = 0.44 + 0.98 (iSV/V x 100). The coefficient of correlation is 0.99
and the standard error of the mean is 1.8.
responds to external effects as well, a distinct increase in blood
temperature during most of the dialysis sessions was observed.
2
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The decrease of osmolality during the dialysis treatment
affects the distribution of fluid between plasma volume and red
blood cell (RBC) volume. This may lead to erroneous calcula-
tions of blood volume changes when they are based upon
hematocrit measurements [91. However, for the method pre-
sented here, a change in the distribution of fluid is without
influence. Even when red cells are lysed by sonication there is
no significant change in sound speed [8].
The accuracy of the new method in terms of TPC changes is
better than 2 g total protein per kg blood. The resolution is even
better by one order of magnitude. Provided that the net protein
exchange in the vascular space is negligible, net ultrafiltrate
flows smaller than one thousandth of the blood mass may be
detected by this technique. However, it is well recognized by
the authors that with this high resolution the distribution of the
RBC and of plasma in the different sections of the vascular
system have to be considered. The blood volume contained in
the capillaries is known for its very low hematocrit, and a
change in capillary volume by distension or compression, for
example, in the lung, will influence the hematocrit in the large
vessels [11]. Therefore, changes in total protein concentration,
hematocrit or hemoglobin concentration at the measuring site
can equally be interpreted as a redistribution of the RBC.
In the measurement of blood volume and of blood mass
changes, the RBC proves to be a very convenient tracer, since
the exchange with the extravascular space is so minute when
compared to the whole RBC mass. The distribution volume of
the RBC most likely represents the intravascular space. Con-
sequently, physical properties related to the RBC and to RBC
concentration may be used for the same purpose. But the
related methods—sound speed measurements included—also
depend on the concentration of plasma components, and it has
to be known or it has to be evaluated to what extent and at
which rate the plasma component is exchanged with the ex-
travascular space. As an example, the measurement of optical
density has to account for the distribution volume of light
absorbing (free hemoglobin, bilirubin) and light scattering (chy-
lomicrons) plasma components. It is for this reason that we
compared blood mass changes determined from the new tech-
nique with blood volume changes calculated from the accepted
method of hematocrit measurement (Fig. 4). The correlation
between the two independent methods is excellent so that the
simplification of Equation 1 made a priori with TPCex = 0, that
is, negligible net protein exchange, appears to be acceptable.
Indeed, considerable loss of protein through the dialyzer mem-
brane can be excluded since the cut-off of common and of
high-flux membranes lies below the molecular weight of the
major part of the plasma proteins [121. The situation is not so
clear in the case of vascular refilling. There is a constant
exchange of protein from the plasma to the tissue by capillary
filtration and backflow by lymphatic transport, so that the
protein concentrations in these two compartments are in a
dynamic equilibrium [13]. In the case of vascular refilling this
equilibrium will be disturbed, and although there is disagree-
ment in the literature on this point [14], one may speculate that
there is a protein backflow into the vascular compartment
during vascular refilling. However, since there is no further
evidence for protein refilling, and especially because of the
excellent correlation between the two independent methods, we
choose to reject the hypothesis of protein backflow. Our results
indicate that the net fluid shift in the microcirculation and in the
dialyzer is almost protein free. Nevertheless, more detailed
investigations will have to be performed to clarify this point.
Since sound speed in blood is related to the bulk of all
components of the sample, the addition of solutes and/or
solutions, such as contrast media, plasma volume expanders or
sodium chloride will necessarily influence sound speed mea-
surements and blood mass calculations derived from these
measurements. For instance, addition of a solution with lower
sound speed than blood may yield an apparent increase in blood
volume. If intravenous infusions are used during hemodialysis,
such as in case of a drop in blood pressure, the changes due to
the infusion can be estimated from known results of density
measurements [2].
From its beginning, hemodialysis treatment has aimed for
shorter and hence more effective treatment modes. This need
has led to a series of technical innovations, such as high flux
dialyzers which permit adequate solute and fluid removal at
high blood flow rates within greatly reduced time periods. The
tolerance to the removal of large amounts of fluid within shorter
dialysis sessions is limited since vascular refilling was estab-
lished to show large individual variability [15]. It seems that
fluid removal as well as solute removal will be limiting factors in
shortening treatment times [16]. Therefore, in order to improve
tolerance with reduced treatment times, additional means for
patient monitoring will have to be introduced. As far as the
accelerated fluid removal is concerned, a system which is able
to monitor the changes of the blood volume promises to be of
great help in this field. We believe that we have such a system
now available.
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